The first microRNAs were discovered some 20 years ago, but only a small fraction of the microRNA-encoding genes have been described in detail yet. Here we report the molecular analysis of a computationally predicted Drosophila melanogaster microRNA gene, mir-282. We show that the mir-282 gene is the source of a 4.9 kb long primary transcript with a 5' cap and a 3' polyA sequence and a mature microRNA of about 25 bp. Our data strongly suggest the existence of an independent mir-282 gene conserved in holometabolic insects.
2003).
In this work, we present the molecular characterization of the genomic region encoding a computationally predicted Drosophila melanogaster microRNA, mir-282, and present evidences that argue for the presence of an independent mir-282 gene. We demonstrate that the putative mir-282 locus encodes a transcript which influences viability in Drosophila most likely through the regulation of the cAMP level and egg production. sgs3>Gal4; act5C>Gal4; act5C>Gal4/CyO-GFP; CyO-PDelta2-3 lines were obtained from the Bloomington Drosophila Stock Center. Stocks P(EP)1151, P(EP)3034, P(EP)3370, P(EP)3560, P(EP)3628, P(EP)3689, P(EP)3738, P(RS3)CB-5453-3, P(lacW)S147703 and Df(3L)ED208/TM2Ubx were from the Szeged Drosophila Stock Center. Stock nos>Gal4VP16 used in the ectopic expression experiments was a kind gift from R. Lehmann.
MATERIALS AND METHODS
ovo D1 (Fs(l)K1237) was described in KOMITOPOULOU et al. (1983) . The UAS-mir-282
constructs were created using a 690 bp genomic fragment containing the pre-miRNA sequence. The mir-282 genomic rescue construct was generated by the PCR amplification of the entire 9.1 kb region between the upstream and downstream neighboring genes (CG43389 and ckd). The PCR product generated by the forward primer (mir_gen_Fw4Bgl) 
PCR experiments:
The GeneRacer experiments were performed as described by the manufacturer (Invitrogen). In the 5'RACE experiment, the GeneRacer 5' and the genespecific reverse primers (5v -GAGGGTCCGGGCTTATCAAGCAGT) were used in the first RACE reaction. To increase the specificity of the reaction, the GeneRacer 5' nested and the gene-specific nested reverse primers (5v_nested-GTTCGCCTTGGTACACCTAACCTCTT)
were used. To amplify the 3' end of the pri-miRNA, the GeneRacer 3' primer and the genespecific 5' primer (7for -TAGCTGGCACCTGCTGAAGT) were used, followed by the For the statistical analysis of the data we calculated mean values, standard deviations and performed two-tailed-T-tests to determine the significance of difference.
Detection of Wolbachia infection:
The primers specific for Wolbachia pipientis 16S rRNA were 5'-TTGTAGCCTGCTATGGTATAACT, which is in the variable V1 region, and (KOMITOPOULOU et al. 1983 ). Injected animals were kept at 18° for two days to recover, then the larvae were raised at 25°. Eclosing virgin females were collected, individually crossed to w 1118 males, and the egg production of the chimaeras was counted for ten days.
RESULTS
The mir-282 genomic region: The mir-282 pre-miRNA was predicted by the Berkeley Drosophila Genome Project (http://www.fruitfly.org/) to be encoded on the third chromosome of Drosophila melanogaster at cytological location 63C1, in a 9.4 kb long genomic region between CG43389 and the cracked (ckd) genes (Fig. 1A) . To determine the degree of conservation in the mir-282 region, we searched for synteny in the vicinity of mir-282 by analyzing the presence of neighboring annotated protein-coding genes both upstream and downstream from mir-282 (Table 1) . We found that (Fig. 1A) .
The mir-282 gene shows no evolutionarily preserved co-localization with neighboring protein-coding genes, but since the upstream and downstream adjacent genes (CG43389 and ckd) are in the same orientation as mir-282 in D. melanogaster it is possible that mir-282 is in fact a part of a splice form they generate. To confirm or exclude this possibility in the case of the ckd gene, we screened a single-stranded cDNA pool generated both from pupae and adult ovaries for a transcript that would contain sequences specific for both the mir-282 region and the downstream ckd gene. PCR primers specific for all exons of ckd were used in these experiments. As controls, a region of ~600 bp covering the mir-282 pre-miRNA sequence and a ckd-specific DNA of ~580 bp could be amplified from the cDNA pool, but no cDNA containing both mir-282-and ckd-specific sequences could be detected indicating that mir-282 and ckd form independent transcription units. To further confirm this finding, we defined the 5' end of the ckd transcript with the RACE technique. We unambiguously mapped it to the genomic location 3L: 3,257,938, which is 217 bp upstream from the position currently transposon-bearing lines were examined, no visible phenotype could be observed except for homozygous lethality in some lines. Moreover, no relationship could be established between the site of insertion and the lethality observed in these lines. To unambiguously determine the link between the lethality and the mir-282 region, we crossed the lethal P-element insertions (P(EP)1151, P(lacW)S147703, P(EP)3370, P(EP)3628, P(EP)3689, P(EP)3034, and P(EP)3738) to a deletion (Df(3L)ED208) covering the entire mir-282 region. The chromosome containing the deletion complemented the lethality in all cases confirming that decreased viability in these stocks is due to background mutations and not the loss of mir-282 activity.
In contrast to the phenotypic analyses, the actin>Gal4-dependent ubiquitous activation of the EP element oriented to drive expression of mir-282 in the viable line EP3560 caused lethality suggesting that the putative transcript encoded by the mir-282 locus does indeed have a biological function. To gain further insight into the activity of mir-282, transgenic lines overexpressing miR-282 were created. For this purpose, a 690 bp genomic section containing the pre-miRNA sequence was PCR amplified and cloned after the UASt promoters with the help of the Gateway technology (HUYNH and ZIELER 1999). Ectopic expression of the miR-282-coding sequence was carried out by using embryonic (twist), tissue specific (elav for nervous system, vg, ptc and A9 for wing disc expression), as well as ubiquitous (Tub, act5C, da) Gal4 drivers. We observed 100% lethality at 2 nd larval stage when ubiquitously expressing miR-282 while no phenotype could be detected when using any other driver. These experiments suggest that the putative transcript encoded by the mir-
locus does have biological function(s).
To gain insight into the function of mir-282, we generated mutants by remobilizing the P(RS3)CB-5453-3 transposable element, which is the P-element most closely located to the core sequence of the mature miR-282. To increase the frequency of generating imprecise excisions, we mobilized the transposon over a deficiency (Df(3L)ED208) overlapping the mir-282 region. The nature of the resulting mir-282 mutations was determined by PCR amplifying and sequencing the region around the miR-282 sequence. In the deletion mutant designated as [RSX] , 1359 nucleotides were removed that cover the entire pre-miRNA region, thus, we consider this allele to be a physically verified null allele (Fig. 1A) . The mir-282 RSX , e s line was used in the subsequent experiments, and the parental line marked with e s was employed as a control to eliminate genetic background problems. Therefore, from this point on the terms "mutant" and "control" refer to the mir-282 RSX null allele and the P(RS3)CB-5453-3, e s line, respectively.
The null mutant strain was homozygous viable and displayed no visible phenotype, however, it was a weak stock; thus, we analyzed its viability in detail. The viability experiments revealed a shortened adult lifespan as well as semi-lethality before reaching adult stage. The average lifespan was found to be decreased by about 50% both in mutant males ( Fig. 2A) and females ( Fig. 2B ) while the number of hatching imagos decreased by 56% as compared to the control line (Fig. 2C) . In these experiments, wild type (w 1118 ) flies were also included to validate the control line (Fig. 2C) . of ~25 nucleotides is generated from the mir-282 gene (Fig. 2D ), which together with the results of the phenotypic analyses strongly suggests that the mir-282 gene is the source of a functional transcript.
Altered egg production in mir-282 mutants:
Since mutant animals displayed a reduced hatching rate, we analyzed the fecundity of mir-282 null mutant imagos as well.
While mir-282 null mutant males displayed normal fertility (Fig. 2E) , mutant females exhibited reduced egg production as compared to the control: they laid a decreased number of eggs, on the average 55% less than the control females during the 10-day period examined (Fig. 2F) . To prove that the mutant phenotypes are indeed due to the loss of miR-282, we generated transgenic flies carrying a genomic fragment spanning the entire 9.1 kb region between the upstream and downstream neighboring genes (CG43389 and ckd) and containing the region which encodes the mir-282 primary transcript. This genomic fragment was able to rescue both the reduced viability and the decreased egg production phenotypes in the mutants (Fig. 2G-H ) confirming that these phenotypes are indeed caused by the loss of mir-282 function.
It is known that

Germline stem cells are not responsible for reduced egg production:
The decreased egg production of mir-282 mutants might be the consequence of germline stem cell (GSC) depletion in the adult ovary. We investigated this possibility by analyzing GSCs in the ovaries of mutant females via anti-Hts antibody staining (Fig. 3A-B) . Since egg development takes about 8 days, 10-day-old females were used in these experiments to visualize the possible loss of GSCs. We found that although mutant germaria exhibited an elongated shape, the number of GSCs and cysts were normal indicating that the decrease in egg production is not a result of low GSC number (Fig. 3B) .
Reduction in egg yield may also be the consequence of improper GSC or somatic functions. To determine whether the decrease in the egg production of mir-282 mutants is germline or soma dependent, pole cell transplantation experiments were carried out.
Embryonic germ cells from mir-282 null mutant embryos were transplanted into females carrying the dominant female sterile mutation ovo D1 , which has a strictly germ line-dependent dominant female sterile phenotype and blocks the development of egg primordia at around the beginning of vitellogenesis (Fig. 3C) . The egg production of chimeric females was found to be normal (Fig. 3E) suggesting that mir-282 mutant GSCs are fully functional and that somatic cells but not germ cells require normal miR-282 function. This observation was further supported by the fact that the number of functional ovarioles was always higher than that of the transplanted mutant pole cells indicating that pole cells lacking mir-282 are able to divide, thus, are fully functional at every developmental stage (Fig. 3E) . These experiments revealed that the decrease in egg production is not related to the germline but rather to the soma.
Elevated apoptotic activity in mir-282 mutant ovaries: As a next step, we examined whether reduced egg production in mir-282 mutant females is caused by an increase in apoptosis during oogenesis. It is known that in Drosophila ovaries apoptosismediated cell death of egg chambers normally occurs at stage 8 (checkpoint of abnormal development) and of nurse cells at stage 12 (after the completion of dumping) (NEZIS et al.
2000)
. The analysis of programmed cell death via a TUNEL assay in ovaries of 10-day-old mir-282 mutant females revealed that apoptotic activity is normal at checkpoints 8 and 12, 20 but there is apoptosis in eggs after stage 8 (Fig 4B-C) with apparent accumulation of apoptotic debris in the proximal end of the oviduct (Fig. 4D) .
Although mir-282 mutant animals exhibit no apparent difference in body size and shape, since starvation has been described to induce an increase in the apoptosis of Drosophila nurse cells in stage 8 egg chambers (TERASHIMA et al. 2005) , we inspected the possibility of malnutrition/low energy homeostasis causing the increase of apoptotic activity in mutant ovaries. Therefore, we measured the egg production of mutant and control groups of females during starvation. Two days of food deprivation resulted in a dramatic decrease in egg production in both groups, followed by a rapid return to normal level. The kinetics of egg yield changes was the same in both groups indicating that mir-282 mutants show normal physiological reactions to temporary food deprivation (Fig. 4E ) and that altered energy homeostasis is not responsible for the enhancement of apoptotic activity in mir-282 mutants.
Therefore, it is reasonable to assume that the accumulation of apoptotic debris after checkpoint 8 is a consequence of egg-laying defects rather than of abnormal egg development. Next, we expressed the EGFP transcript coupled with the 3'UTR of rut (Fig. 5C ). The GFP signal was strongly reduced in larval salivary gland cells when miR-282 was simultaneously overexpressed (Fig. 5E ) using a salivary gland-specific driver (sgs3>Gal4)
The level of adenylate cyclase transcript increases in
confirming that miR-282 regulates the activity of the adenylate cyclase gene, rutabaga, in
Drosophila.
DISCUSSION
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In this paper, we report the molecular characterization of a predicted microRNA gene of
Drosophila melanogaster. We demonstrate that the predicted mir-282 gene is actively transcribed and that the lack of miR-282 leads to pupal semi-lethality and reduced egg production while ubiquitous, ectopic overexpression of miR-282 causes lethality at the larval The lack of mir-282 function leads to a significant reduction in egg production. We found that the decrease in egg production is characterized by elevated apoptotic activity in the mutant ovaries, and we show that it is caused by the soma most likely through neurological The specific PCR products that were sequenced are indicated by arrows. Mw -molecular weight marker. The EGFP transcript coupled with the 3'UTR of rut is expressed in larval salivary gland cells 
